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biohydrogenation pathways are discussed (Lourenço et al. 2008; Khiaosa-ard et al. 2010) . In this context, the type and accessibility of characteristic carbohydrates (water-soluble carbohydrates and starch vs. fiber) of the forage might have an effect, especially when their intake affects ruminal pH (Doreau et al. 2005) . Recently, ryegrass cultivars with elevated contents of water-soluble carbohydrates (WSC) have received attention because of their assumed higher digestibility and their potential for reducing urinary N losses (Miller et al. 2001; Ellis et al. 2011) . The extra WSC in these cultivars compared to common low-WSC cultivars may either replace part of the fiber or part of the protein content (Doreau et al. 2005) . Because of the potential effects of the WSC in ryegrass on ruminal pH and the nutrient composition, the introduction of high-WSC cultivars might affect ruminal biohydrogenation and, consequently, milk fatty acid (FA) profile.
The present study aimed to evaluate the influence of feeding high-WSC ryegrass hay on the milk FA composition of ruminants as compared to feeding them low-WSC ryegrass hay. A maize silage-based ration was also included as a control diet containing high amounts of easily degradable carbohydrates (starch).
Material and methods

Experimental forages
Two cultivars of perennial ryegrass (Lolium perenne L.) were grown on previous grass leys (3.4 ha) with the same type of clay soil (sown on March 25, 2011) . As a representative of common low-WSC ryegrass, the early heading cultivar Respect (DLF-TRIFOLIUM, Kapelle, the Netherlands) was employed. The early heading cultivar with high WSC content was AberMagic (British Seed Houses, Lincolnshire, Great Britain). The soil was fertilized with 30 and 50 kg N ha −1 ammonium nitrate 6 and 10 weeks after sowing, respectively. After performing a cleaning cut 8 weeks after sowing, both cultivars were harvested 12 weeks after sowing on June, 26, 2011, but at different times of the day ("Respect" at 09:00 hours and "AberMagic" at 14:00 hours) to increase the differences in WSC content between the cultivars. The average temperature during the 8 weeks before the cleaning cut and in the 4 weeks after the cleaning cut were 12.4°C (min and max, 2.7 and 21.8°C) and 16.4°C (min and max, 10.4 and 22.6°C), respectively, and the average precipitations were 2.3 mm day −1 (0.0-31.9 mm day −1 ) and 3.4 mm day −1 (0.0-20.5 mm day −1 ), respectively. Both swards were initially dried on the field for 2 days. Afterwards, the two hay types were stacked separately and ventilated first with prewarmed air for 60 h and then with ambient temperature air for 25 h. As a third experimental forage, maize (Zea mays, cultivars "Amadeo" and "ES Progress"; Otto Hauenstein Samen AG, Rafz, Switzerland) was grown on previous grass leys. The maize was sown at the end of April 2010 and harvested in mid-September 2010. A total amount of approximately 175 kg N ha −1 of dairy manure and ammonium nitrate was applied shortly after sowing. The whole aerial part of the maize plant was ensiled. The average temperature during the vegetation period of the maize was 14.1°C (min and max, 9.2 and 19.1°C), and the average precipitation was 5.2 mm day −1 (0.0 and 45.3 mm day −1 ).
Dairy cow experiment
Six primiparous Holstein cows were used over three 26-day experimental periods, following a duplicate 3×3 Latin square design. At the start of the experiment, the cows were 112±13 days in lactation and had a body weight of 544±34 kg and a daily yield of energy-corrected milk of 20.1±6.1 kg. The cows had been housed in a freestall barn before the experiment. They had received a mixture of maize silage, grass silage, and hay in proportions of 0.48:0.46:0.06 for 1 week before the experiment started. The actual experimental diets consisted either of low-or high-WSC ryegrass hay or maize silage. Only the latter was supplemented with barley straw, soybean meal, and urea (5, 4, and 0.5% of total dry matter (DM), respectively; henceforth, it will be referred to as "maize diet"). These supplements were thoroughly mixed in a 120-L cement mixer before feeding. The diets and water were offered ad libitum. In separate troughs, each cow received 50 g of NaCl and 100 g of a mineral mixture every day which provided 16 g Ca, 8 g P, 5 g Mg, 4.5 g Na, 0.4 g Zn, 0.2 g Mn, 50 mg Cu, 2 mg J, 2 mg Se, 1.5 mg Co, 120,000 IU vitamin A, 20,000 IU vitamin D 3 , and 200 mg vitamin E. Due to lower intrinsic Ca and P contents in the maize silage, the cows fed the maize diet received double the amount of mineral mixture.
The first 5 (hay) or 7 (maize diet) days of the experimental periods served for gradual adaptation to the experimental diet (transition period). Feeding on the following 21 (hay) or 19 (maize diet) days was exclusively on the experimental diets. The cows were group housed but fed individually with their troughs monitored electronically except for the final 8 days of each experimental period during which they were housed in individual tie stalls. In these 8-day collection periods, sampling of milk and feed was performed. Milking took place at 5:30 and 16:30 hours. Milk samples taken from each milking were either conserved with bronopol (D&F Inc., Dublin, CA, USA) or pooled by cow and period according to the daily milk amount and stored at −20°C. Representative feed samples were taken during each experimental period from different sites within the hay bales and from different sites of the cart containing batches of the maize diet. In this process, the maize silage-based diet was first frozen at −20°C and later lyophilized for 48 h. All dry samples were ground to pass through a 1-mm sieve.
Feed refusals were recorded, but because the cows did obviously not select, they were not analyzed. The cantonal veterinary office approved the experiment (ZG55/11).
Proximate composition of feeds and milk
Most analyses were carried out by applying standard procedures (AOAC 1997). A TGA-701 (Leco Corporation, St. Joseph, MI, USA) was used to analyze DM and total ash. Nitrogen content was determined with a C/N Analyser (Leco-Analysator Typ FP-2000; Leco Instrumente GmbH, Kirchheim, Germany). Crude protein (CP) was computed as 6.25×N. Neutral detergent fiber (NDF) was measured with a Fibertec System M (Tecator; 1020 Hot Extraction, Flawil, Switzerland) using αamylase but no sodium sulfite; values were corrected for residual ash (Van Soest et al. 1991) . Concentrations of WSC and ethanol-soluble carbohydrates were analyzed with near-infrared reflectance spectroscopy (model 6500, Foss NIRSystems with Win ISI II v1.5, Laurel, USA) by Dairy One (Ithaca, USA), following the method of Hall et al. (1999) . Non-NDF carbohydrates were calculated as organic matter-NDF-CP-ether extract (determined with the Soxhlet extractor B-118, Büchi Extraktionssystem, Flawil, Switzerland). Milk fat and protein were analyzed using a Milkoscan 4000 (Foss Electric, Hillerød, Denmark). Table 1 gives the nutrient composition of the diets as analyzed.
Fatty acid analysis of feeds and milk
Feed FA were extracted using accelerated solvent extraction (ASE 200, Dionex Corp., Sunnyvale, CA, USA) with hexane:propane-2-ol (3:2 vol/vol) and transformed into FA methyl esters (FAME). A triglyceride containing only 11:0 (Fluka, Steinheim, Germany) was used as the internal standard. The FAME were separated by gas chromatography (HP 6890, Hewlett-Packard, Wilmington, PA, USA) on a Supelcowax-10 column (30 m×0.32 mm, 0.25 μm; Supelco Inc., Bellefonte, PA, USA). The conditions and the temperature program were the same as those described by Richter et al. (2012) .
Before milk FA analysis, the frozen milk samples were thawed and afterwards gently mixed to disperse the milk fat evenly. The FAME were extracted as described by Suter et al. (1997) . Using a CP7421 column (200 m × 0.25 mm; Varian, Middleburg, NL; split ratio, 1:30), FAME were separated and quantified using gas chromatography (HP 6890; Hewlett-Packard, Wilmington, DE, USA). The device settings including the temperature program are described by Richter et al. (2012) . Peak identification was based on a FAME standard (Supelco 37, Supelco Inc., Bellefonte, PA, USA) and on comparisons with chromatograms of milk FA obtained by similar approaches (Kramer et al. 2002) .
Calculations and statistical analysis
The proportions of FA were always expressed as a proportion of the total area of the injected FAME even though minor peaks are not displayed in the tables. Data on intake and secretion with milk were used to calculate apparent recoveries of 18:2n-6 and 18:3n-3 and the appearance of biohydrogenation intermediates in relation to these FA. Data were subjected to analysis of variance applying the MIXED procedure of SAS 9.1 (SAS Institute Inc., Cary, NC, USA) considering diet, period, and period × diet as fixed effects, and animal as random effect. Where interactions were not significant, they were removed from the model used eventually. Least square means and standard error of means (SEM) are presented in the tables. Multiple comparisons among means were carried out by Tukey's method. Differences among means were considered to be significant at P<0.05.
Results and discussion
The cows consumed on average about 15 kg DM day −1 . This was not different among diets (Table 1) . Therefore, the group differences in the intake of different nutrients (data not shown) corresponded to those in feed composition (Table 1) . Grass cultivars with low or high WSC content may differ in fiber content, in CP content (Doreau et al. 2005) , or both (Ellis et al. 2011 ). The present two hay types did not differ in fiber content, which was lower in the maize silage diet which contained most non-NDF carbohydrates. As intended, the two hay types differed in their WSC concentration, and this difference was made up almost exclusively at the cost of CP, as the concentrations of all other nutrients, including NDF, were mainly similar between the grass types (Table 1) . Peyraud et al. (1997) also found that WSC mainly replaced CP, but others reported that WSC mainly replaced NDF (e.g., Merry et al. 2006 ). The possible reasons for this are the slower development of the low-WSC grass found and general differences between cultivars in CP content. The maize silage diet was poorest in CP. Consequently, the intake of CP differed (P<0.05) between diets: it was 1.63, 2.28, and 3.99 kg CP/day with the maize diet, high-WSC, and low-WSC hay, respectively. Milk yield was highest for the low-WSC hay, intermediate for the high-WSC hay, and lowest for the maize diet (P<0.05). Because milk fat content (on average 4.00%; data not shown) did not differ among diets, this was reflected also in milk fat yield. Milk protein and lactose yields were higher with the low-WSC hay compared to the other two diets (P<0.05).
Fatty acids in feeds and their intake
The three diets differed in total FA content declining in the order of maize diet, low-WSC hay, and high-WSC hay (Table 1) . Also the FA profile differed: while the lipids in the maize silage diet were rich in 18:1n-9 and 18:2n-6 and particularly in 14:0, the lipids in the two hay types had high proportions of 18:3n-3, as expected (Kalač and Samková 2010) . The intake of total FA was almost twice as high (P<0.05) for the maize diet than for the high-WSC hay (Table 1) . No differences between the treatments were found for the intake of 16:0, but the intakes of 14:0, 18:0, 18:1n-9, and 18:2n-6 were higher (P<0.05) for the maize silage diet compared to both hay types. Intake of 16:1 and 18:3n-3 was highest for the low-WSC hay, lowest for the maize diet, and intermediate for the high-WSC hay (P < 0.05). This was different from the findings of Lee et al. (2006) , who reported higher concentrations and intake of 18:3n-3 for a silage made from a high-WSC ryegrass compared to a low-WSC control. It is therefore unclear whether or not breeding ryegrass for an elevated WSC influences the concentration of 18:3n-3 in the forage. Differences between studies might also result from confounding factors such as grass growth stage, DM yield, and environmental conditions like drought (Revello-Chion et al. 2011).
Effects on global milk fatty acid composition
The total saturated FA concentration in milk fat was highest (P<0.05) for the maize diet, lowest for the low-WSC hay, and intermediate for the high-WSC hay ( 
Effects on linoleic and α-linolenic acid content in milk fat
The proportion of 18:2n-6 in total milk FA was similar for cows fed the maize diet and the low-WSC hay, but was lower (P<0.05) for cows fed the high-WSC hay (Table 2) . Due to the much higher intake of 18:2n-6 with the maize diet, and also to the lower milk yield, this implies a much lower apparent transfer from feed to milk in terms of relative recovery for this diet compared to both hay types (Table 3) . This negative correlation between FA intake and apparent FA transfer has also been reported in other studies (Khiaosa-ard et al. 2010) . Between the hay-fed cows, the apparent transfer of 18:2n-6 was higher (P<0.05) with the low-WSC hay. A similar difference between the two hay types was also found for the apparent transfer of 18:3n-3; thus, this FA had a clearly higher concentration in the milk fat of cows fed low-WSC hay ( Table 2) . Although not measured in the current study, the higher amounts of easily degradable carbohydrates in the high-WSC hay compared to the low-WSC hay may lower ruminal pH. This would imply an inhibitory effect of the ruminal pH on biohydrogenation (Jenkins et al. 2008; Fuentes et al. 2011 ) and therefore reduced ruminal loss of 18:2n-6 and 18:3n-3. However, since the inhibitory effect was not indicated in the current study, the factors influencing the ruminal FA metabolism may have not been directly related to the WSC concentration of the grasses. In silage-based experiments of another research group, feeding high-WSC ryegrass did not lead to a changed duodenal flow of 18:3n-3 Yáñez-Ruiz et al. 2006) in fistulated steers. Contrary to our results, in these studies, WSC replaced NDF ) rather than CP. This may have led to different responses, even ones independent from the WSC level. Thus, the effect of high-WSC ryegrass on the postingestive metabolism of dietary C18 FA can obviously not be generalized, and it is not entirely clear which factors have an influence. The positive effect of the low-WSC hay on 18:3n-3 concentration in milk fat was not associated with higher levels of 20:5n-3 and 22:6n-3 (Table 2) . Additionally, the milk fat concentration of 20:4n-6, a long-chain n-6 PUFA, did not reflect the feeding effects on its metabolic precursor 18:2n-6. 
Effects on vaccenic and rumenic acid in milk fat
As expected, the proportions of 18:2c9t11 and 18:1t11 were higher (P<0.05) in the milk fat of cows fed hay instead of the maize diet in the current experiment since the levels of these FA are often increased with grass-based feeds (Leiber et al. 2005; La Terra et al. 2010 ). This is not, or not only, the result of higher concentrations of the precursor FA in the feed. The findings showed that, relative to the amounts of precursor FA ingested, the appearance of any of the major biohydrogenation products (Table 3 ) was clearly higher for the two hay diets than for the maize diet. This is also an indication that biohydrogenation was inhibited by the hay compared to the maize silage diets; this, however, not just at the first step but rather at subsequent steps, too (Jenkins et al. 2008 ). However, the two hay treatments did not differ with regard to the proportions of 18:2c9t11 and 18:1t11, which confirms that the high-WSC grass did not affect duodenal flow of these FA as reported by Yáñez-Ruiz et al. (2006) . In addition to ruminal modifications, endogenous mechanisms are likely to contribute to changes in the milk FA profile (Khiaosa-ard et al. 2010) . This is further confirmed by the report of Doreau et al. (2005) where the effects of high-WSC grass were much more pronounced on milk FA than on FA in the duodenal content.
Conclusions
Feeding high-WSC hay compared to control low-WSC hay reduced the apparent transfer of 18:2n-6 and 18:3n-3 from feed to milk. The concentration of 18:3n-3 in milk fat was also lower for high-WSC hay. These effects were similar to those of the maize diet and may be partly related to the impact of soluble carbohydrates on ruminant FA metabolism. As the high-WSC hay did not result in higher levels of 18:1t11 and 18:2c9t11, no advantage of high-WSC hay over low-WSC hay in causing a shift of the milk FA profile towards beneficial FA was found. However, considering the contradictory findings of the few published reports on this topic, the effect of high-WSC grasses on ruminant lipid metabolism is not clear enough to be generalized, and further research is necessary. This also concerns the variable nutrient composition of high-WSC grasses as compared to low-WSC grasses.
